Introduction {#sec1}
============

The recent H1N1 ('swine flu') pandemic has heightened public, professional and policy concern regarding a global infectious disease pandemic. That this pandemic was mild does not preclude a more serious pandemic in the future. In fact, many aspects of the recent swine flu pandemic meant that it was, in some senses, *ideal* in that it began in the Americas rather than the developing world, leading to early detection, low pathogenesis, a reasonably high level of immunity in the adult population and sustained susceptibility to antivirals. Had these criteria not been fulfilled, as might be the case in a future pandemic, the consequences could have been much more serious.

In the last century there were three influenza pandemics -- 1918, 1957 and 1968/69. The outbreak of Severe Acute Respiratory Syndrome (SARS) especially gave impetus to pandemic preparedness planning and conjecture regarding the anticipated pandemic and its impact ([@bib12]). However, preparedness planning generally concentrates upon the impact on population health and on policies to maintain a functioning health sector during a pandemic, although the wider economic impact of infectious disease pandemics, and policies to address them, has been the subject of increasing investigation ([@bib12], [@bib14], [@bib18]).

The impact of the recent financial crisis has highlighted the importance of the financial sector to the global economy, playing an important part in many of the world's large economies. For example, the US is said to have the largest and most sophisticated financial services sector in the world ([@bib21]), financial services contributed approximately 8% of Australian GDP in 2003[1](#fn1){ref-type="fn"} , and 26.8% of GDP for Hong Kong in 2009,[2](#fn2){ref-type="fn"} The UK economy, which is used in this application to illustrate the potential impacts to 'similar' economies has a financial sector contributing 8% to total GDP[3](#fn3){ref-type="fn"} With respect to pandemic preparedness, this raises a specific policy question concerning the extent to which this sector may be affected by a pandemic, and the likely policies to mitigate the pandemic's effects. The limited work thus far on the wider macroeconomic impact of pandemic influenza, alluded to above, has considered different aspects of an influenza pandemic but, in each case, the financial sector has been aggregated together with other service industries and sectors. As a result, little can be said about the sectoral impact of a pandemic over the results for the aggregated economic effect. The work presented here therefore focuses on assessing the macroeconomic impact of an influenza pandemic on a single country economy using a Computable General Equilibrium (CGE) model, which allows for a disaggregated finance sector, as outlined in the sector listing in the [Appendix](#appseca1){ref-type="sec"}, to generate greater specificity in analysis. Application of this model to multiple countries is possible, as the model specification would not differ if applied to different countries with large financial sectors. Although the underlying database would differ between countries, as would some model parameters such as elasticities, the results should be seen as reasonably comparable across "similar" countries. We therefore present the results from a model of the UK, but suggest that these results are indicative for other nations also.

The structure of this paper is as follows. In the next section we outline the sectors, input data, model and scenarios used for our modelling application. The results are then presented, discussed and conclusions drawn in the subsequent sections.

Methods {#sec2}
=======

CGE model and data {#sec2.1}
------------------

CGE modelling is an established economic analysis tool, particularly since the development of the Social Accounting Matrix (SAM) approach to national accounting, e.g., ([@bib23], [@bib31], [@bib32]), and the SAM approach to modelling, e.g., ([@bib8], [@bib22]). However, applications by health economists have been rare ([@bib2], [@bib11], [@bib24], [@bib30], [@bib28], [@bib29]) and hence CGE remains novel in this field ([@bib3], [@bib27]).

The model used in this paper is based on that used previously by the authors ([@bib13]). This is a single country CGE open-economy model consisting of 11 sectors. In the current paper this model has 12 sectors as the financial sector has been disaggregated to reflect elements of financial services, as defined below. The resultant 12 sectors (elaborated in the [Appendix](#appseca1){ref-type="sec"}) are:1.Agriculture, mining and food processing (Ag. mine & food proc)2.Food (Food)3.Manufacturing- materials (Manu materials)4.Manufacturing- wood and paper products (Manu wood & paper prods)5.Manufacturing -- chemicals (Manu chem)6.Manufacturing- machinery, electrical and luxury items (Manu-mach, elec & lux)7.Utilities and construction (Utils & cons)8.Retail hotels and restaurant (Retail, hotels & rest)9.Transport and telecommunications (Trans & telecoms)10.Banking, Investment and Insurance (Banking, Inv & Ins)11.Other Business Services (Oth Bus Servs)12.Other Services (Oth Servs)

Although the model is a single-country model, it is an open-economy model, meaning that foreign trade is captured through import and export functions. The differences between origins are encapsulated as follows. Domestically produced commodities are sold both in the domestic market and abroad. Sales abroad take the form of exports and are modelled using a Constant Elasticity of Transformation function. Domestic sales originate from domestic and foreign sources (imports) and this is modelled using a composite commodity and Armington assumption which determines the combination of domestically produced commodities and imports by means of a constant elasticity of substitution. Composite commodities can then be used as an input into the production process of the domestically produced commodities or sold for final consumption by households, government or investment. This is a common CGE model methodology and is used and outlined elsewhere ([@bib17], [@bib28]).

There are also differences with regard to the pricing of commodities. In the model the domestic price of commodities, the import price (cost insurance freight) in the currency of the world market, and the export price (free on board) are all parameterised. In order to enable prices to be transformed into currency on the world or domestic market an exchange rate is also parameterised in the model.

Data {#sec2.2}
----

The core data concern prices, elasticities and the social accounting matrix (SAM). The sources for the SAM data are the UK 2003 supply and use tables, and Europa government statistics. The elasticities are taken from other research ([@bib1], [@bib5]). Prices are calculated endogenously and the Harberger convention is used so that prices equal one in the benchmark equilibrium.

Epidemiological scenarios {#sec2.3}
-------------------------

Scenarios are based on previous influenza pandemics in 1918, 1957 and 1968/69. In the UK (and many other countries), there were three distinct waves of the 1918 pandemic, each lasting 10--15 weeks ([@bib19]) with the largest occurring in the autumn of 1918. In the autumn of 1957 a single wave pandemic occurred of about 15 weeks duration ([@bib20]). In 1968/69 a two-wave pandemic affected the UK resulting in a small first wave in March 1969, and a main wave in midwinter of 1969/70 ([@bib4]). Based on information from these previous pandemics, time series simulations were conducted to represent influenza mortality by age and over time for three different severities of pandemic ([@bib15]); these severities are referred to as mild (CFR = 0.06%), moderate (CFR = 0.18%) and severe (CFR = 0.35%). Note that the scenarios include allowance for a limited stock of antivirals to be made available to key workers, as this is part of the UK preparedness response; the impact of wider use of antivirals for the general public is considered in the sensitivity analysis.

Parameterising the impact of pandemic influenza in the CGE model {#sec2.4}
----------------------------------------------------------------

Pandemic influenza is incorporated into the model through the impact on the labour force (the working population) as a result of deaths and absenteeism. Deaths cause the permanent removal of workers from the labour supply for the year for which the pandemic is modelled. These were implemented by increasing the mortality rate of the working population.

By using epidemiological simulations possible patterns of infection, intervention and mortality for a specific set of lethality and *R* ~0~ values can be examined (where *R* ~0~ represents the expected number of secondary infections arising from a single individual during his or her entire infectious period). Because the precise nature of any future influenza pandemic is unknown, understanding the risk is best achieved by creating a representative set of plausible events. Here an '*event set'* approach was used, consisting of a number of randomly generated simulations of the level of excess mortality ([@bib15]). Each of the events comprised within the set is defined by variables that are generated using distributions that reflect historical evidence. These variables include, for example, the ability of a virus to spread (*R* ~0~), the likelihood that an infected person will die (lethality), and the probability that antivirals will to some degree be effective in reducing the impact of a new virus. Simulations then allow the probability that any particular severity is exceeded to be established. This allows mortality severities per pandemic influenza event to be related to the annual likelihood of such an event.

In the model, antivirals, stockpiled by many governments, are expected to slow the spread of influenza and substantially reduce overall illness and mortality by relieving symptoms and reducing infectivity. Limited economic modelling ([@bib33]) suggests that pre-pandemic stockpiling of antiviral drugs can be cost-saving and that it would be cost-beneficial and cost effective to adopt strategies for their use in treating patients and possibly for short-term post exposure prophylaxis of close contacts of people who are infected. However, their effectiveness against a wide range of potential viruses is not fully understood. Antivirals were found to be reasonably effective in the recent swine flu pandemic, but their efficacy for future strains is unknown. The model therefore assumes that antivirals would not work at all -- whether used for treatment or prophylaxis -- in one in four simulated pandemics. Antiviral treatment is assumed to reduce infectiousness, as well as sickness and mortality. It will therefore slow the spread of the simulated pandemic and reduce death rates. Every person receiving antivirals is assumed to get them within 48 h of becoming sick. However, because this requirement is likely to be challenging even for the best of healthcare systems, it is assumed to be achieved in only 65% of people who become ill.

Absenteeism causes a temporary absence from work and these absences are calculated as fractions of the working year; assumed to be 220 days. Pandemic influenza plans ([@bib6], [@bib7]) suggest that absence from work for infected individuals will vary from 5 to 10 days. The most severe pandemics (those with highest fatality) are assumed to result in a longer duration of illness for those that survive. Based on the severity of the pandemics, the mild scenario will result in 5 days of absence from work for infected individuals whilst the moderate scenario will result in 7 days of absence and the severe scenario will result in 10 days of absence. As suggested ([@bib6], [@bib7], [@bib10]), a 35% clinical attack rate for each pandemic is assumed, i.e. 35% of the population would be infected. These scenarios, together with their impact on the working population, are shown in [Table 1](#tbl1){ref-type="table"} . The clinical attack rate for pandemic influenza is unknown, so scenarios were run as tabulated in [Table 2](#tbl2){ref-type="table"} with a 25% and 50% clinical attack rate (CAR) to allow for variability (the CARs referred to are slightly mitigated by school closures in some scenarios and the specifics of this mitigation are outlined later).Table 1Disease and policy scenarios.Disease only ScenariosDisease plus school closure ScenariosDisease plus prophylactic absenteeism ScenariosDisease, school closure and prophylactic absenteeism ScenariosSeverity of disease (years)MildModerateSevereMildModerateSevereMildModerateSevereMildModerateSevereClinical Attack Rate % (Working Population)35353532.932.932.935353532.932.932.9Working Population Mortality rate %0.0200.0630.1280.0200.0630.1280.0200.0630.1280.0200.0630.128Working Days Lost due to illness5710571057105710% impact of illness absenteeism0.7951.1141.5910.7491.0481.4970.7951.1141.5910.7491.0481.497School Closure (weeks)000333000333% impact of school closure0000.5930.5930.5930000.5930.5930.593Prophylactic Absenteeism (weeks)000000333333% impact of PA0000002.3182.3182.3182.0632.0632.063% Impact for year0.8161.1771.7191.3621.7042.2183.1343.4954.0373.4243.7674.281Table 2Sensitivity analysis scenarios AV and CAR.School Closure and Prophylactic Absenteeism Scenarios (Sensitivity Base)Low CARHigh CARBaseLimited AVUnlimited AVBaseBaseSeverity of disease (years)MildModerateSevereMildModerateSevereMildModerateSevereMildModerateSevereMildModerateSevereClinical Attack Rate % (Working Population)32.932.932.932.932.932.932.932.932.923.523.523.547.147.147.1Working Population Mortality rate %0.0200.0630.1280.0260.0840.1420.0150.0530.1120.0200.0630.1280.0200.0630.128Working Days Lost due to illness57105710571057105710% impact of illness absenteeism0.7491.0481.4970.7491.0481.4970.7491.0481.4970.5350.7491.0701.0701.4972.139School Closure (weeks)333333333333333% impact of school closure0.5930.5930.5930.5930.5930.5930.5930.5930.5930.5930.5930.5930.5930.5930.593Prophylactic Absenteeism (weeks)333333333333333% impact of PA2.0632.0632.0632.0632.0632.0632.0632.0632.0632.0632.0632.0632.0632.0632.063% Impact for year3.4243.7674.2813.4303.7874.2953.4193.7574.2653.2103.4673.8533.7454.2164.923

### School closure {#sec2.4.1}

In addition to the 'pure' disease scenarios outlined above, school closures may be implemented to reduce the otherwise rapid spread of disease amongst school children. [Table 1](#tbl1){ref-type="table"} outlines the impact of a three -week school closure policy as outlined in ([@bib9]). We assume that this school closure will mitigate the pandemic in the proportion described in ([@bib9]) where a 34% CAR was estimated to reduce by 2% due to school closure. Analysis of the Labour Force Survey (2005) suggests that there are a total of 25,245,000 individuals aged 16--64 who are in paid employment in the UK. Of these 3,900,000 are women who are either the head of the household or the spouse of, or cohabiting with, the head of the household and have dependent children in the household aged under 16 years. That is, 15.5% of the workforce comprises women who are probably responsible for dependent children ([@bib26]). However, other research suggests that 54% of parents have access to informal care arrangements for their children ([@bib25]) and we use this estimate to mitigate the absences resulting from school closure.

### Prophylactic absenteeism by workers {#sec2.4.2}

A further possibility is prophylactic absenteeism, where healthy workers remove themselves from their workplace in an attempt to avoid infection. Such absenteeism is likely to be limited in its duration. ([@bib6]) suggests that most worker absence will occur during a 2--3 week period and it may be reasonably assumed that this is the time period that is most likely to provoke prophylactic absence and worker fear. It also agrees with the assumed duration of school closures and is therefore used as our estimate of prophylactic absence duration.

Amongst other issues, prophylactic absenteeism in the event of a major pandemic was surveyed in ([@bib26]). The results of this survey state that 34% of workers would take prophylactic absenteeism in the event of an influenza pandemic, of which 3.75% were women who had children at school and would therefore overlap with the school closure absenteeism. However, the remaining 30.25% represent the additional shock due to prophylactic absenteeism. It should be highlighted that there is some uncertainty as to whether individuals who state a willingness to take prophylactic absenteeism would, in reality, carry out this intention, so this shock should be seen as a 'best guess' estimate which may be higher or lower in reality. Evidence to suggest a mitigation effect of school closure has already been outlined, but such mitigation is not assumed in response to prophylactic absence. ([@bib9]) suggests that transmission rates in the workplace are similar to those in the home. A very small (1%) mitigation effect for workplace closure is mentioned but this occurs when entire workplaces are closed, not for partial closure as might result from prophylactic absence. These scenarios are tabulated in [Table 1](#tbl1){ref-type="table"}.

The school closure and prophylactic absenteeism scenarios are considered in combination also and these are tabulated in [Table 1](#tbl1){ref-type="table"}.

Results {#sec3}
=======

The headline results concern the impact on the exchange rate and GDP for each scenario tabulated in [Table 1](#tbl1){ref-type="table"}. The percentage impacts on these parameters compared with the input equilibrium parameters are plotted in [Fig. 1](#fig1){ref-type="fig"} . The magnitude of effect for exchange rate is approximately 75% of the GDP impact for all scenarios, so comments focus here on GDP.Fig. 1Impact on GDP and exchange rate.

The GDP impact for disease only ranges from a reduction of approximately 0.26% for the mild scenario to approximately 0.56% for the severe scenario. These relative values would be broadly comparable to other countries or, converting these percentage losses to financial values, costs applicable to our UK example can be obtained. Losses in GDP due to the pandemic alone are £3.5bn, £5bn, £7.4bn for the three scenarios respectively (based on overall UK GDP of £1.3trn for 2007). Introducing four weeks of school closure would increase these losses to 0.45%, 0.56% and 0.73% respectively, equivalent to £58bn, £7.3bn and £9.5bn.

Introducing prophylactic absenteeism, rather than school closure, produces a more varied pattern of impact, since as well as having an increased disease effect, the duration of prophylactic absence was assumed to increase with the severity of disease. The GDP reductions for these scenarios were 1.03%, 1.16% and 1.34% for the mild, moderate and severe disease scenarios (equivalent to losses of £13.5bn, £15.1bn and £17.4bn respectively for the UK).

Finally, combining disease, school closures and prophylactic absenteeism yields, rather unsurprisingly, the largest impact, with reductions of 1.14%, 1.25% and 1.42% respectively, equivalent to UK losses of £14.8bn, £16.3bn and £18.5bn.

CGE modelling also produces the welfare measure of Equivalent Variation (EV), which represents the amount of money that, if an economic change does not happen, leaves the individual just as well off as if the change had occurred. This may be thought of as the amount of money that the individual might be willing to pay to avert the change. For the purposes of this paper, the welfare measure (EV) is quoted as a percentage of GDP, with the results presented in [Table 3](#tbl3){ref-type="table"} . These results follow a similar pattern to the GDP and exchange rate effects and range from 0.2% for the mild disease only scenario up to 1.05%, suggesting that UK consumers overall would be willing to pay some £2.55bn to £13.68bn to avert the pandemic's economic impact. These estimates do not include individuals' willingness to pay to avoid the illness and possible death that accompany pandemic influenza.Table 3Welfare measures.Disease ScenarioWelfare (%)Example UK Monetary Value (£bn)Mild Base Disease Only0.202.55Moderate Base Disease Only0.283.69Severe Base Disease Only0.425.41Mild School Closure0.334.28Moderate School Closure0.415.36Severe School Closure0.547.00Mild Prophylactic Absenteeism0.779.95Moderate Prophylactic Absenteeism0.8611.12Severe Prophylactic Absenteeism0.9912.88Mild School Closure & Prophylactic Absenteeism0.8410.88Moderate School Closure & Prophylactic Absenteeism0.9212.00Severe School Closure & Prophylactic Absenteeism1.0513.68

Sectoral impacts {#sec3.1}
----------------

[Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}, [Fig. 5](#fig5){ref-type="fig"}, [Fig. 6](#fig6){ref-type="fig"}, [Fig. 7](#fig7){ref-type="fig"} illustrate the impacts on the various sectors within the model. Note that the pattern of losses/gains across sectors is similar for all disease scenarios so discussion focuses on the severe disease ('worst case scenario'). All results represent a comparison with the benchmark equilibrium.Fig. 2Domestic output by sector.Fig. 3Household consumption by sector.Fig. 4Exports by sector.Fig. 5Imports by sector.Fig. 6Investment consumption by sector.Fig. 7Government consumption by sector.

Agriculture, mining and food-processing sector, and food production sectors, are least affected. Domestic output to the domestic market increases in these sectors ([Fig. 2](#fig2){ref-type="fig"}) and losses to other indicators is small, with the exception of imports ([Fig. 3](#fig3){ref-type="fig"}) where there is a significant decline, suggesting that foreign sources of such goods are forgone in favour of using those produced domestically. However, since these sectors are essential for the supply of food, and perhaps the sectors where 'social mixing' is the least, it is reasonable to expect that it should exhibit smaller losses than other sectors.

The manufacturing industries and utilities and construction suffer large reductions in domestic output, large losses from household consumption ([Fig. 4](#fig4){ref-type="fig"}), investment consumption ([Fig. 5](#fig5){ref-type="fig"}) and government consumption ([Fig. 6](#fig6){ref-type="fig"}). Imports to these sectors are more affected than exports, suggesting that domestic consumption is transferred from imported to domestic output, which seems intuitive. Interestingly, together with the retail, hotels and restaurant sector (RHR) and transport and telecommunications sector (T_T), these sectors also experience the greatest differential in impact between the situation concerning disease only, versus those with school closure, prophylactic absenteeism or all combined. This may reflect the more essential physical presence of workers in the manufacturing process, or the service sector, than elsewhere and less scope for capital substitution or virtual working (e.g. within financial sector). In terms of consumption ([Fig. 3](#fig3){ref-type="fig"}, [Fig. 6](#fig6){ref-type="fig"}, [Fig. 7](#fig7){ref-type="fig"}) it is clear that absenteeism (due to school closure and/or prophylactically) generates a more severe impact than the disease itself.

Turning to the financial sector more specifically, there are significant variations in impact between business, investment and insurance (BII) and other business services sectors in consumption ([Fig. 3](#fig3){ref-type="fig"}, [Fig. 6](#fig6){ref-type="fig"}, [Fig. 7](#fig7){ref-type="fig"}) and imports and exports ([Fig. 4](#fig4){ref-type="fig"}, [Fig. 5](#fig5){ref-type="fig"}). Specifically, compared with BII, OBS generates smaller losses to household consumption, investment and government consumption, but large export losses. This impact is reasonable since the industry is heavily reliant on labour supply and many of the industries that make up this sector, such as real estate activities, are unlikely to be in great demand during an influenza pandemic. This is supported also by this sector, compared with BII, showing less differential in impact when school closure or prophylactic absenteeism is added to the disease effect, where as BII is more influenced by these effects.

With respect to BII, the impacts are certainly no more significant than on other sectors, exhibiting losses of up to 1.5% in domestic output ([Fig. 2](#fig2){ref-type="fig"}), up to 2% to household consumption ([Fig. 3](#fig3){ref-type="fig"}), 3% to exports ([Fig. 4](#fig4){ref-type="fig"}), 2.5% to imports ([Fig. 5](#fig5){ref-type="fig"}), about 1.4% to investment and about 2% to government consumption ([Fig. 6](#fig6){ref-type="fig"}, [Fig. 7](#fig7){ref-type="fig"}). However, whilst these impacts may be no more severe than those exhibited by other sectors, it is significant that the impact is at least equivalent, if not worse, in all respects compared with retail, hotels and restaurants and transport and telecommunications sectors, which elsewhere have been identified as those sectors likely to be worst hit by an infectious disease pandemic ([@bib12], [@bib13]).

Further analysis was conducted to estimate the impacts of the modelled scenarios on employment and inflation. These results are tabulated in [Table 4](#tbl4){ref-type="table"} . The CGE model estimates employed labour in value terms rather than number of workers. Results suggest that the value of employed labour would reduce by between 0.6% and 3.14% reflecting the shrinkage in the economy as outlined above. The consumer price index also falls, yielding inflation results ranging from −0.28% to −1.5% for the mildest and most severe scenarios.Table 4Inflation and Employment.% Change in the economy-wide value of employed labourInflationDisease Only Mild−0.60−0.28Disease Only Moderate−0.86−0.41Disease Only Severe−1.26−0.60PA Mild−1.00−0.47PA Moderate−1.25−0.59PA Severe−1.62−0.77SC Mild−2.30−1.09SC Moderate−2.56−1.22SC Severe−2.96−1.41SC & PA Mild−2.51−1.20SC & PA Moderate−2.76−1.32SC & PA Severe−3.14−1.50

Sensitivity analysis {#sec3.2}
--------------------

In order to allow for variations in the estimates used in the model, sensitivity analysis was performed. Where specific estimates were not available values were halved and rounded down for lower limits and doubled then rounded up for upper values, this was the case for working days, prophylactic absenteeism and lower limits for school closure. The values used for this are provided in [Table 2](#tbl2){ref-type="table"}, [Table 5](#tbl5){ref-type="table"} and [Table 6](#tbl6){ref-type="table"} , covering:•Modelling the use of targeted antiviral prophylaxis with both limited (insufficient) stocks and unlimited stocks of antivirals•Introducing lower (25%) and upper (50%) clinical attack rates ([@bib6])•Introducing lower (2,3,5) and upper (10,14,20) limits for the number of working days lost due to illness for the mild, moderate and severe scenarios respectively•Introducing lower (1 week, less than half original values) and upper (11.4 weeks, ([@bib9])) limits for school closure and lower (1 weeks) and upper (6 weeks) limits for prophylactic absenteeism for the mild, moderate and severe scenarios respectively•A severe scenario combining the above upper limits of clinical attack rate, working days absence, prophylactic absenteeism and school closure Table 5Sensitivity analysis on working days and PA.Low working days absenceHigh working days absenceLow prophylactic absenteeismHigh prophylactic absenteeismBaseBaseBaseBaseSeverity of disease (years)MildModerateSevereMildModerateSevereMildModerateSevereMildModerateSevereClinical attack rate % (working population)32.932.932.932.932.932.932.932.932.932.932.932.9Working population mortality rate %0.0200.0630.1280.0200.0630.1280.0200.0630.1280.0200.0630.128Working days lost due to illness23510142057105710% impact of illness absenteeism0.2990.4490.7491.4972.0962.9950.7491.0481.4970.7491.0481.497School closure (weeks)333333333333% impact of school closure0.5930.5930.5930.5930.5930.5930.5930.5930.5930.5930.5930.593Prophylactic absenteeism (weeks)333333111666% impact of PA2.0632.0632.0632.0632.0632.0630.6880.6880.6884.1254.1254.125% impact for year2.9753.1683.5324.1734.8155.7782.0492.3922.9065.4875.8296.343Table 6Sensitivity analysis on SC and severe scenario.Low school closureHigh SCSevere scenarioBaseBaseBaseSeverity of disease (years)MildModerateSevereMildModerateSevereMildModerateSevereClinical attack rate % (working population)32.932.932.932.932.932.947.147.147.1Working population mortality rate %0.0200.0630.1280.0200.0630.1280.0200.0630.128Working Days Lost due to illness57105710101420% impact of illness absenteeism0.7491.0481.4970.7491.0481.4972.1392.9954.278School closure (weeks)11111.411.411.411.411.411.4% impact of school closure0.1980.1980.1982.2532.2532.2532.2532.2532.253Prophylactic absenteeism (weeks)333333666% impact of PA2.0632.0632.0632.0632.0632.0634.1254.1254.125% Impact for year3.0293.3713.8865.0845.4265.9418.5379.43510.784

In addition to these sensitivity scenarios, model results for our main disease scenarios were recalculated with 25% and 50% clinical attack rates to account for the potential variability of infectiousness in a future pandemic.

The results for GDP and exchange rate are provided in [Fig. 8](#fig8){ref-type="fig"}, [Fig. 9](#fig9){ref-type="fig"} . As the results followed a predictable pattern with the addition of school closure and prophylactic absenteeism, because the addition of these represent the 'worst case' scenario, and for ease of comprehension, the base scenario for the sensitivity analysis is the combined school closure and prophylactic absenteeism scenario and results are generated and plotted for the three severities of disease.Fig. 8Sensitivity to targeted antiviral prophylaxis.Fig. 9Sensitivity of GDP and exchange rate.

The impact of targeted antiviral prophylaxis is negligible, as shown in [Fig. 8](#fig8){ref-type="fig"}. From the point of view of disease, antivirals do have an effect, but the small window of opportunity for these to take effect means that the impact is at best negligible from a macroeconomic perspective, especially when compared with the impact of prophylactic absenteeism and school closure.

As [Fig. 9](#fig9){ref-type="fig"} demonstrates, the variation in clinical attack rate produces very little change in effect -- approximately 0.2% or 0.3% of GDP. This result does not suggest that the clinical attack rate of the disease is unimportant, rather that the policies used to mitigate the disease effect are much more influential and appear to dwarf the disease effect. The variation of the number of working days lost through absence also has some effect on the overall impact but, like the clinical attack rate, it is a disease effect that is not as significant as the policy effects.

Despite large variations in school closure in our sensitivity analysis the model effects are most sensitive to prophylactic absence -- the upper limit impact is 250% of the lower limit: the upper/lower limits for the mild, moderate and severe scenarios are 0.7%/1.8%, 0.8%/1.9%, and 1%/2.1% respectively. The mitigation effect of school closure, combined with its influence on a smaller proportion of the population than prophylactic absence, mean that it has a smaller impact than prophylactic absence. However, the change from lower to upper limits of school closure increases the GDP impact by more than 50%.

The results of the most severe sensitivity scenario, which incorporates upper limits of CAR, working days lost due to illness, school closure and prophylactic absenteeism are shown in [Fig. 10](#fig10){ref-type="fig"} . These results show a 2.9%, 3.2% and 3.7% loss to GDP for the mild, moderate and severe scenarios. Applying these rates to the UK example is equivalent to losses of £37.4bn, £41.4bn and £47.5bn respectively. These are the upper limits of the estimated effects from the model.Fig. 10GDP and exchange rate for severe sensitivity scenario.

Finally, to allow for variation of the infectiousness of the pandemic disease, scenarios in [Table 1](#tbl1){ref-type="table"} were also run with a 25% lower and 50% upper limit on the clinical attack rate. These values are tabulated in [Table 7](#tbl7){ref-type="table"} . For the disease only scenarios the impacts of the upper limit are approximately double those of the lower clinical attack rate, but the relative impact of the disease lessens with the introduction of mitigation policies.Table 7Sensitivity results for 25% and 50% CAR for all scenarios.Exchange rate effect (%)GDP effect (%)Example UK cost impact (£bn)25% CAR50% CAR25% CAR50% CAR25% CAR50% CARMild disease−0.122−0.240−0.194−0.381−2.52−4.96Moderate disease−0.178−0.344−0.283−0.546−3.68−7.10Severe disease−0.263−0.501−0.417−0.794−5.42−10.33SC mild disease−0.238−0.350−0.379−0.556−4.92−7.22SC moderate disease−0.292−0.449−0.464−0.712−6.03−9.25SC severe disease−0.373−0.598−0.592−0.948−7.69−12.32PA mild disease−0.608−0.729−0.963−1.153−12.52−14.99PA moderate disease−0.665−0.835−1.054−1.320−13.70−17.16PA severe disease−0.752−0.995−1.190−1.572−15.46−20.43SC and PA mild−0.672−0.786−1.065−1.244−13.84−16.17SC and PA moderate−0.727−0.887−1.151−1.402−14.96−18.23SC and PA severe−0.809−1.039−1.280−1.641−16.64−21.33

Discussion {#sec4}
==========

The estimates provided in this paper indicate the likely magnitude of impacts on the economy of a wealthy nation with a large financial sector in the event of an influenza pandemic, together with the impact of possible use of antivirals, school closure and workers taking prophylactic absenteeism.

Overall results indicate that the disease itself is not necessarily the greatest concern from a macroeconomic perspective. Although an influenza pandemic would reduce GDP by between 0.3% and 0.6% (equivalent to UK losses of £3.5--7.4bn), combining school closure and prophylactic absenteeism yields effects of 1.14--1.42% (£14.8 £18.5bn). It is therefore important to consider the epidemiological impact of school closure and prophylactic absenteeism and to attempt to strike a balance between policies affecting these and durations of absence that are necessary from a public health perspective without imposing unnecessary economic impacts. This raises a particular problem for Governments which must steer a difficult path between advice to "carry on as usual" and "social distancing" measures which may slow down the rate at which an epidemic grows.

There will be variation between sectors in terms of economic impact. In the case of the United Kingdom, of course, the financial sector is a very significant contributor to GDP, balance of payments and employment. In countries less dependent upon the financial sector, those sectors that are 'essential' (e.g. agriculture, mining, food production), are likely to be less affected than those that concern luxury items and services, such as most manufacturing, retail and real estate, that can be deferred until after the pandemic. With respect to the financial sector, whilst the impacts are certainly no more significant than on other sectors, it is at least equivalent, if not worse, in all respects compared with retail, hotels and restaurants, and transport and telecommunications, which elsewhere have been identified as those sectors likely to be worst hit by an infectious disease pandemic ([@bib12], [@bib16]). Further, the rapidity of the impact that will strike the financial sector may influence the overall effect and is an area that requires further consideration in future developments of the model which, at present, takes an annual average rather than accounting for the transitional effects of the time period and duration of the outbreak. For instance, the shock in a small location such as financial heart of a country may last only 6--8 weeks, compared with 15 weeks for the country overall ([@bib6]). In this case, absenteeism, for instance, from illness would result in a reduction in labour supply that is much more acute, but shorter lived, than currently estimated based on the yearly average.

Certainly there are limitations to the analysis presented here, principally centered on the availability of information on certain key parameters. Thus, the results should be viewed as providing an indication of the relative magnitude of effects for different scenarios rather than necessarily precise estimates of the economic impact, although these impacts may be broadly indicative for many countries of similar economic constitution to the UK.

In terms of the limitations, the impact of worker absence introduced by school closures and prophylactic absenteeism has been assessed but, since there is no feedback loop for the epidemiology of these policies, the impact of this absence has been estimated *without* accounting for the reduction in disease effect that these actions might produce. This is in agreement with the study by Ferguson, but there is a shortage of evidence to inform these assumptions and it is therefore quite possible that the economic impact due to this may be overemphasised. Parameter estimates of the school closure and prophylactic absence were also required but, in reality, the precautionary behaviour that will be used is quite unpredictable. Nonetheless, the sensitivity analysis goes some way towards illustrating the changes in effect that are yielded by these variations in behaviour and results were quite sensitive to the large variations in prophylactic absence modelled in our sensitivity analysis. Also, the use and effectiveness of antivirals in the CGE model are dictated by the assumptions of the model outlined in ([@bib15]) and are therefore subject to the same limitations as that study.

Another limitation is that the model does not account for the ability of the financial sector to increase the amount of business that is handled by unaffected parent or sister companies overseas while the pandemic occurs in the UK. It may be that using such methods the overall impact on the financial sector will be reduced, or that, for instance, the UK may see an influx of capital from Asia prior to the pandemic (on the assumption that the pandemic originates in Asia) and then an outflow during the pandemic, thus spreading the effect. It is also possible, of course, that key workers may be moved geographically, or other polices put in place in corporate preparedness plans.

Finally, the parameterization of effect in this model has concentrated upon effects on the labour supply. There are likely to be wider effects, such as problems caused through an inability to service banks or cash-machines with currency, possible minor exchange rate fluctuations or frictional effects on industry liquidity. However, it is not possible to take these into account at present as there is no information that may guide parameter estimation, and it would also require significant changes to the current modelling methods used.

Overall, the modelling approach used here has provided some interesting likely 'first order' effects of pandemic influenza and responses to it. For instance, it appears robust that antivirals will be largely ineffective and that the likely prophylactic absenteeism by workers will be most harmful to the economy. The importance of the financial sector to the large economies of the world is such that further analysis would appear to be beneficial, especially if it were to account for the epidemiological effects of mitigation policies and the possibility of financial organisations shifting business to foreign branches during the pandemic peak and undertaking additional work when the pandemic strikes elsewhere. Further development of the modelling approach undertaken here together with exploration of the likely wider effects and how to parameterize these is therefore recommended. In the light of the current financial crisis, centered on the banking sector, we have in fact seen some of the ways in which any adverse impacts on that sector affect the entire UK economy. In that context it is advisable to consider the extreme vulnerability of an already compromised financial sector to the impact of a deadly respiratory disease prior to the recovery -- if any -- of that sector and the UK economy; a recovery which might take a decade or more.
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